Abstract-We investigated an impact of technological conditions of oxidizing X12CrNiTi18-9 stainless steel implants in repeated heating-cooling cycles in the air on morphological features of resulting metal oxide coating. Our findings confirmed that generated coating had a high morphological heterogeneity of its surface structure with dimensional parameters in the microand nanometer range of values. The effect of structurally heterogeneous metal oxide coating on the osseointegration capacity of steel implant surface was experimentally established.
I INTRODUCTION
Stainless chrome-nickel steel, possessing bio-inertia along with physical-mechanical properties required for the efficient performance of medical products, is widely used in production of various orthopedic systems and implants. To ensure proper engraftment, steel medical products, such as bone implants for osteosynthesis, must retain certain physicochemical and biomechanical characteristics of their surfaces, which can be achieved by means of biocompatible morphologically heterogeneous porous coatings from various ceramic materials.
Surface treatment of medical implants is performed by airthermal, vacuum-condensation or physico-chemical deposition methods [1] [2] [3] [4] [5] [6] [7] [8] [9] . Among those, air-thermal oxidation processes are technologically simple to implement, require low energy consumption and no additional materials for generating biocompatible oxide films and coatings [10] [11] [12] [13] [14] [15] [16] .
Majority of the previously performed studies on oxidation of metals and alloys was devoted to the development of coatings with high wear resistance, electrical insulating properties, as well as protective properties provided by the presence of significant hardness and structural density in oxide coatings with minimal porosity, low roughness and low morphological heterogeneity of the surface (N. At present, considerable attention in the manufacture of steel orthopedic implants for external osteosynthesis is paid to the metal oxide coatings. Such coatings with specific phase and chemical compositions, as well as heterogeneous surface structure, can provide a high level of implant engraftment, given their surface ability to exhibit high osteoconductive properties and effective osseointegration [13] [14] [15] .
Metal oxide coatings created on implants by various methods of thermal oxidation protect the metal base from the corrosive effects inside the human body due to their electrochemical protective quality, thus significantly reducing the tendency of the implants to corrode [17] [18] [19] [20] [21] [22] [23] [24] [25] . Passivated, corrosion-resistant implants do not cause prolonged allergic reactions, nor do they have a toxicological effect on surrounding biostructures, which implies high biocompatibility of such implant products.
To ensure strong adhesion of coatings to the bone tissue, it is necessary to create a pronounced roughness and morphological heterogeneity of their surfaces. microcavities of the oxide layer, resulting in improved osseointegration of implants and accelerated osteogenesis.
One of conventional methods of air-thermal oxidation is oxidation in the air reaction medium, which makes it possible to create oxide films and coatings on various metals and alloys in order to increase their anticorrosive properties and mechanical strength of the surface. Using this oxidation method, it is possible to form oxide layers with specified volume and surface structures, as well as required roughness, porosity and size of metal oxide particles.
Thus, air-thermal oxidation technological processes can be employed to produce oxide coatings on medical metal implants, specifically -coatings capable of fusing with the bone tissue.
Thus, the goal of this study was the development of airthermal metal oxide coatings with heterogeneous micro-and nanostructures on steel medical implants designed for osteosynthesis.
II. METHODS OF EXPERIMENTAL STUDIES
Implant samples in the form of screw rods for transosseous osteosynthesis were manufactured from biocompatible stainless steel, X12CrNiTi18-9 (Russian National Standard: GOST 5632-72). The surface of implants was sandblasted by abrasive corundum Al2O3 with a particle size of 250 μm at an air-abrasive jet pressure of 0.67 MPa for 30 s in order to create an initial microroughness providing greater structural heterogeneity of the metal oxide coating to be formed.
After preliminary sandblasting, the steel samples were subjected to ultrasonic cleaning in an alcohol solution at a frequency of 22 kHz for 3 min to remove the existing greasy films, thus improving an attachment of created metal oxide layers to the substrate.
Air-thermal oxidation was conducted using an experimental tubular electric resistance furnace in the form of a quartz tube 40 mm in diameter with a nichrome spiral heating element and asbestos thermal insulation.
The voltage values on the nichrome heater were set with a laboratory autotransformer and corresponded to specific temperature values of the oxidizing air in the furnace working zone.
The oxidation regimen provided heating the implants in the furnace up to 400 and 500°C with exposure times of 1.0 h at each temperature. The heating procedure was accompanied by implant removal from the furnace for 5-10 s at 10 min intervals for short-term cooling.
Structure formation of metal oxide coatings in multiple heating-cooling cycles of the samples in air was characterized by cracking (fragmentation) of oxide particles to produce coatings with heterogeneous fractured micro-and nanostructures, which significantly increased the osteoconductive qualities and geometric bioactivity of oxidized surfaces.
The chemical composition of the coatings was identified from the spectra of chemical elements on several micro-areas of the oxidized surface by energy-dispersive X-ray spectroscopy (EDXS) using the INCAPentaFETx3 detector, OXFORD Instruments PLC.
Morphological characteristics of oxide coatings were investigated by the contactless determination of dimensional parameters of protruding particles and existing surface cavities, including pores.
For such measurements and data processing, we used an AGPM-6M image analyzer of microstructures with a microscope, Sony digital camera, and a computer program for processing microimages. The surface morphology of obtained coatings at submicrometer and nanometer scales was studied by scanning electron microscopy (SEM) using analytical equipment MIRA II LMU, Tescan.
The surface roughness of the formed coatings was studied by the profilometry method based on the measurements of the microroughness parameters Rа, Rz, Rmax, Sm using ten basic lines with subsequent mathematical processing of the measurement results.
Roughness testing equipment was represented by the microprocessor-based
Caliber-117071 profilographprofilometer, along with a mobile device HOMMEL Tester T1000 Basic (Hommel Etamic) to control for microroughness.
III. STUDY RESULTS AND THEIR ANALYSIS
In the technological conditions of air-thermal oxidation of steel implants with repeated heating-cooling cycles, the particles of metal oxides, representing the metals in the alloy, were formed on the surface. These particles, due to implementation of thermal cycles, were exposed to rapidly varying internal stress in the alloy, which caused surface cracking; hence, resulting coating acquired fractured micro-and nanostructures. For example, at an air-thermal oxidation temperature of 400°C and treatment time of 1.0 h, the morphological structure of the stainless steel coating was characterized by the presence of numerous, differently oriented protrusions and open pores unevenly distributed over the surface (Fig. 1) .
The nature of such distribution of the coating particles and pores, as well as their dimensional parameters, provided high heterogeneity of the metal oxide coating surface structure, which improved osseointegration of oxidized steel implants, because bone cellular structures were able to grow into the microroughness elements of the coating.
The values of dimensional parameters of the coating structural elements obtained at t = 500°C exceeded the values of the surface coating parameters obtained at t = 400°C. In the structure of the former coating, numerous open pores and irregularities were observed (Fig. 2) . Such morphologically developed coating was capable of exhibiting high bioadhesiveness with possible strong integration of metal oxides with the bone tissue.
Via software processing of coating microimages, we used optical computing of the surface structure of metal oxide layers to identify dimensional characteristics and uniformity in (Table 1) .
Advances in
It has been established that the microstructure of the coatings had a different degree of pronounced morphology, with particle and pore sizes significantly differing depending on the air-thermal oxidation temperature of the implants (Table 1) .
Furthermore, the nature of distribution of structural elements in oxidized surfaces was changing substantially, which, in turn, caused the variation of the total open porosity in the range of 30-48%.
The difference in the morphological structure of the coatings obtained at different oxidation temperatures was associated with direct effect of treatment temperatures on the growth rate and the nature of the structure formation in oxides: metal oxide matrices with increased number of finely dispersed crystals and micropores were forming under higher temperatures (Table 1) .
Profilometry studies also showed the effect of air-thermal oxidation temperatures on surface roughness parameters of the coatings ( Table 2) . Heterogeneous structure of the metal oxide coating on X12CrNiTi18-9 steel obtained in repeated heating-cooling cycles at t = 500°C and τ = 1.0 h (cooling for 5-10 s every 10 min of heating): a -×1000, b -×5000, c -×10000, d -×50000, e -×120000. Heterogeneous structure of the metal oxide coating on X12CrNiTi18-9 steel obtained in repeated heating-cooling cycles at t = 400°C and τ = 1.0 h (cooling for 5-10 s every 10 min of heating): a -×1000, b -×5000, c -×10000, d -×20000, e -×50000, f -×120000. It has been established that all microroughness parameters increased with an increase in the processing temperature of stainless steel, which agreed with experimental data obtained in the course of optical microscopic studies.
The chemical composition of obtained coatings had different weight ratios of the elements, which could be explained by chemical heterogeneity of the base alloy and by the peculiarities of oxidation and structure formation mechanisms of oxide layers on heterophase metallic materials ( Table 3) .
Compositions of the coatings were characterized by the presence of significant amounts of nickel, aluminum, titanium and chromium, which, in the form of compounds with oxygen, could give the surface high biocorrosion resistance necessary for the functioning of steel implants inside the human body.
Using described technological process, we manufactured experimental implants of the standard design in the form of screw rods for transosseous osteosynthesis (Fig. 3) . These prototypes are further planned for clinical testing on laboratory animals to identify their ability for effective engraftment in bone tissue.
IV. LABORATORY TESTING OF TRANSOSSEOUS STEEL IMPLANTS WITH AIR-THERMAL METAL OXIDE COATINGS
Tests of steel samples were carried out on laboratory animals, specifically -on the rabbits of the Dutch Red breed, in which experimental rod implants were screwed into their tibiae. They were standard screw rods for osteosynthesis, used in external fixation devices.
Animals under neuroleptanalgesia with Rompun ® and Zoletil ® were subject to a flexion fracture of their tibiae in the middle third of the diaphysis; then, channels were drilled in bone fragments for screwing rod implants.
Given that strength characteristics of the bone are significantly different at different sites of its length, the a b
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implants of each series were installed in both metaphyseal and diaphyseal parts of the bones.
Implants were screwed in manually with the aid of a handle from the apparatus set of G.A. Ilizarov, followed by a closed reposition of bone fragments. Their external fixation was conducted in the apparatus of original design, consisting of brackets and a bar with multiple holes.
In the postoperative period, all animals underwent a preventive antibiotic therapy with cefazoline, as well as the cleaning of the implant-bone contact zone with a 3% solution of hydrogen peroxide. Clinical and morphological studies were also performed at this stage.
The test period lasted for 50 days, after which the implants were removed from the animals and examined for osseointegration capacity of their surfaces.
In addition, a clinical assessment of implant osseointegration properties was carried out by investigating rabbit condition characteristics, such as: recording their body temperature, behavior, limb's ability to support the body weight, micromobolity of implants, the response of animals to implant clamps, the development of inflammatory complications (using a microbiological study of smears and pathological research in the course of dead animal autopsy), and also the level of sample rod resistance to unscrewing.
Implants were divided into three experimental groups. Group 1 (control) included implants without metal oxide coating; group 2 -implants with metal oxide coating, obtained during the multiple heating-cooling thermal cycles in air at t = 400°C and τ = 1.0 h, while group 3 consisted of implants with metal oxide coating, obtained with multiple heating-cooling thermal cycles in air at t = 500°C and τ = 1.0 h.
Before the formation of coatings on implants, their surface was prepared using a certain technological sequence of pretreatment operations (Fig. 4) . Route diagram of operations for preliminary processing (preparation) of implant surfaces.
Due to preliminary surface treatment, such initial parameters as microroughness, chemical activity, structural heterogeneity, and purity were ensured.
As a result of laboratory tests of implants, it was established that samples of control group did not show any pronounced osseointegration capacity of their surfaces due to the absence of its osteoconductive properties.
At the end of 50 days of functioning in the animals, samples of this group did not provide high level of engraftment and increased durability of anchoring in the bone, as evidenced by the absence of a significant amount of bone regenerate on the surface of the implants (Fig. 5a) .
Samples of the experimental groups 2 and 3 were superficially integrated with the surrounding bone tissue and firmly intergrown with the biostructures at the end of the test period.
When these samples were extracted, the presence of large fragments of the newly formed bone, firmly connected to the morphologically heterogeneous metal-oxide coating (Fig. 5b  and c) , was noted on their surfaces.
This implied significant influence of created micro-and nanostructured coatings on the osteoconductivity of steel implant surface and their ability to firmly fuse with bone structures. Fig 
5.
Samples of transosseous steel implants of the groups 1 (a), 2 (b) and 3 (c) after 50 days of functioning in the bone tissue of laboratory animals.
V. CONCLUSIONS
As a result of our experimental studies, it has been established that morphologically heterogeneous metal oxide coatings with micro-and nanoscale structural elements are formed under technological conditions of oxidation of transosseous implants made from X12CrNiTi18-9 steel undergoing multiple heating-cooling thermal cycles in air at the temperatures of 400 and 500°C for the total duration of 1.0 h.
Such manufacturing procedure has been found to give the implant surface pronounced osteoconductive qualities. We
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therefore recommend using the developed coatings in steel transosseous implants employed in external osteosynthesis apparatus in the course of skeletal bone fracture treatment.
